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Background: Although both are involved in metabolic homeostasis, the interconnection between ER stress and FGF21

remains incompletely understood.

Results: Directly up-regulated by the IRE1a-XBP1 pathway, FGF21 could alleviate ER stress-induced liver steatosis.
Conclusion: FGF21 acts as a metabolic effector of the UPR program, exerting feedback effects upon lipid metabolism.
Significance: These findings reveal a regulatory mechanism linking FGF21 actions to metabolic ER stress.

Endoplasmic reticulum (ER) stress activates the adaptive
unfolded protein response (UPR) and represents a critical
mechanism that underlies metabolic dysfunctions. Fibroblast
growth factor 21 (FGF21), a hormone that is predominantly
secreted by the liver, exerts a broad range of effects upon the
metabolism of carbohydrates and lipids. Although increased
circulating levels of FGF21 have been documented in animal
models and human subjects with obesity and nonalcoholic fatty
liver disease, the functional interconnections between meta-
bolic ER stress and FGF21 are incompletely understood. Here,
we report that increased ER stress along with the simultaneous
elevation of FGF21 expression were associated with the occur-
rence of nonalcoholic fatty liver disease both in diet-induced
obese mice and human patients. Intraperitoneal administration
of the ER stressor tunicamycin in mice resulted in hepatic stea-
tosis, accompanied by activation of the three canonical UPR
branches and increased the expression of FGF21. Furthermore,
the IRE1a-XBP1 pathway of the UPR could directly activate the
transcriptional expression of Fgf21. Administration of recombi-
nant FGF21 in mice alleviated tunicamycin-induced liver stea-
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tosis, in parallel with reduced elF2a-ATF4-CHOP signaling.
Taken together, these results suggest that FGF21 is an integral
physiological component of the cellular UPR program, which
exerts beneficial feedback effects upon lipid metabolism
through counteracting ER stress.

In eukaryotes, the endoplasmic reticulum (ER)* is the major
site of protein folding and maturation as well as lipid biosynthe-
sis. Accumulation of unfolded or misfolded proteins or pertur-
bation of lipid metabolism at the ER causes ER stress, activating
the adaptive cellular response termed the unfolded protein
response (UPR) (1-3). In mammals, three canonical signaling
branches of the UPR act coordinately to relieve ER stress. These
include the ER-resident transmembrane protein inositol-re-
quiring enzyme 1 (IRE1), PKR-like endoplasmic reticulum
kinase (PERK), and activating transcription factor 6 (ATF6) (1,
2). IRE1 is evolutionarily the most conserved sensor of ER
stress, possessing both protein Ser/Thr kinase and endoribonu-
clease (RNase) activities (2, 4, 5). Under ER stress conditions,
IRE1 is activated through trans-autophosphorylation and
dimerization/oligomerization (6, 7), catalyzing the removal of a
26-nuceotide intron within the mRNA that encodes the tran-
scription factor X-box-binding protein 1 (XBP1) (8). This non-
conventional splicing event generates an active spliced form of
XBP1 (XBP1s) to initiate a critical UPR program (8). Upon
sensing ER stress, PERK mediates the second UPR branch
through phosphorylating the ubiquitous protein translation

“The abbreviations used are: ER, endoplasmic reticulum; UPR, unfolded pro-
tein response; FGF21, fibroblast growth factor 21; NAFLD, nonalcoholic
fatty liver disease; PERK, PKR-like endoplasmic reticulum kinase; CHOP,
C/EBP homologous protein; LFD, low fat diet; HFD, high fat diet; LKO, liver-
specific IRE1a knockout; Tm, tunicamycin; PPAR, peroxisome proliferator-
activated receptor; ANOVA, analysis of variance; ERSE, ER stress-response
element; Luc, luciferase; EGFP, enhanced GFP.
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initiation factor elF2aq, thereby inhibiting cellular mRNA trans-
lation (1, 2). In addition, PERK phosphorylation of elF2« leads
to simultaneous induction of the transcription factor ATF4 (9),
which in turn drives the expression of its target gene, transcrip-
tion factor C/EBP homologous protein (CHOP) (10, 11).
Together with ATF6, these UPR programs function to maintain
homeostasis of the ER and play a pivotal part in managing ER
stress to allow for cell survival.

Emerging lines of evidence have also implicated the UPR
pathways in metabolic homeostasis (3, 12). ER stress represents
an important mechanism that underlies metabolic disorders
(13-15), including the development of nonalcoholic fatty liver
disease (NAFLD), a hallmark of metabolic syndrome and a
major health burden in both developed and developing coun-
tries (16, 17). A number of clinical studies have shown increased
ER stress markers in both liver and adipose tissues from human
subjects with obesity and NAFLD (18 -21). Studies in animal
models with genetic disruption of the IRElq, elF2a, or ATF6«
pathway (22, 23) indicated that the three UPR branches may act
in concert to prevent the development of hepatic steatosis,
which is linked to perpetuated expression of CHOP arising
from unresolved ER stress. Despite this recent progress, the
physiological mechanism by which each individual UPR branch
can affect lipid metabolism during hepatic steatosis has yet to
be completely delineated.

Fibroblast growth factor 21 (FGF21), an atypical member of
the FGF family, functions as a hormone that has a wide range of
endocrine, autocrine, and pharmacological actions on carbohy-
drate and lipid metabolism (24). It has been shown in mouse
models that FGF21 is secreted from the liver in response to
extended periods of fasting, and its expression is controlled by
PPARa, a master regulator of the starvation response (25, 26).
In humans, however, FGF21 is merely modestly induced by
PPARa agonists or fasting, and circulating levels of FGF21 are
not increased during short term fasting or by ketogenic diets
(27, 28). Intriguingly, studies using genetic and diet-induced
mouse models of obesity have revealed multiple beneficial
effects of FGF21 administration upon a number of metabolic
parameters (29 —32), including decreased hepatic triglycerides.
This makes FGF21 an attractive drug candidate for the treat-
ment of metabolic diseases. Paradoxically, increased hepatic
FGF21 expression and plasma FGF21 levels have been docu-
mented in obese mice (33). Moreover, we and others have
shown that circulating FGF21 levels are elevated in human
obese subjects and patients with hypertriglyceridemia, type 2
diabetes, or NAFLD (34 —40). Notably, elevated serum levels of
FGF21 are closely associated with chronic liver injury and
hepatic triglycerides (35, 37), and FGF21 may even serve as an
independent predictor of NAFLD (38). While the molecular
basis of the increased FGF21 levels in association with meta-
bolic disorders remains elusive, it is currently unclear whether
important differences in the regulation and function of FGF21
exist between rodents and humans.

It was recently reported that the expression of FGF21 can be
induced by ATF4 during amino acid deprivation or ER stress
(41-43). To fully understand the potential physiological con-
nection between the metabolic actions of FGF21 and ER stress,
we examined the relationship between hepatic FGF21 expres-
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sion and activation of the UPR branches in association with
hepatic steatosis in mice as well as in human subjects. We found
that hepatic FGF21 is transcriptionally up-regulated by the
IRE1a-XBP1 pathway of the UPR, which can in turn suppress
the elF2a-ATF4-CHOP pathway in hepatocytes, alleviating ER
stress-induced hepatic steatosis.

MATERIALS AND METHODS

Animals—Male C57BL/6] mice, purchased from Shanghai
Laboratory Animal Co. Ltd., were housed in laboratory cages at
atemperature of 23 * 3 °C with a humidity of 35 = 5%. Animals
were maintained on a 12-h dark/light cycle with free access to a
standard chow diet (Shanghai Laboratory Animal Co. Ltd.) and
water. For the diet-induced obesity model, mice at 6 weeks of
age were fed for 16 weeks a low fat diet (LFD) containing 10%
keal of fat or a high fat diet (HFD) containing 60% kcal of fat
(Research Diets Inc.). For the tunicamycin-induced ER stress
animal model, mice at 12 weeks of age were injected intraperi-
toneally with DMSO or tunicamycin (Sigma) at a dose of 1
mg/kg body weight and sacrificed after 24 h of treatment. Mice
with liver-specific knock-out of IRE1la (LKO) were bred as
described previously (44). For examination of the effect of
FGF21 on ER stress, mice at 12 weeks were treated with DMSO
or tunicamycin (1 mg/kg body weight), and starting at 6 h
before tunicamycin injection, recombinant mouse FGF21 (Pep-
roTech) was administered intraperitoneally at 1 mg/kg body
weight for a total of five times every 6 h. Mice were sacrificed at
24 h after tunicamycin treatment. All animals were killed under
anesthetic conditions, and livers were snap-frozen in liquid
nitrogen immediately after resection before storage at —80 °C.
All experimental procedures and protocols were approved by
the Institutional Animal Care and Use Committee at the Insti-
tute for Nutritional Sciences, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.

Measurement of Serum and Secreted FGF21 Concen-
trations—Serum FGF21 was measured using the ELISA kit
(Millipore) according to the manufacturer’s instructions. For
secreted FGF21, cell culture medium (3 ml) was collected by
centrifugation to remove cellular debris. The supernatant was
concentrated to 200 ul using an Amicon Ultra-4 centrifugal
filter unit (Millipore). FGF21 concentrations were then deter-
mined by ELISA.

Measurement of Serum and Liver Triglycerides—Serum lev-
els of triglycerides were determined using the serum triglycer-
ide determination kit (Sigma). To measure hepatic content of
triglycerides, 40 —-50 mg of mouse liver tissue was homogenized
in 0.5 ml of PBS, and 0.4 ml of homogenate was aspirated into a
new tube before mixing sufficiently with 1.6 ml of CHCl,/
CH,OH (2:1, v/v). After centrifugation at 3,000 rpm for 10 min
at room temperature, the lower organic phase was transferred
and air-dried overnight in a chemical hood. The residue was
resuspended in 800 wl of 1% Triton X-100 in absolute ethanol,
and then the concentration of triglycerides was determined
using the serum triglyceride determination kit (Sigma).

Human Liver Samples—Human liver samples were collected
from patients of benign focal hepatic lesions undergoing liver
surgery at the Department of Liver Surgery (Zhongshan Hospi-
tal, Fudan University, Shanghai, China) as described previously
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FIGURE 1. Hepatic UPR activation and FGF21 expression in diet-induced obese mice. Male C57BL/6 mice at 6 weeks of age were maintained on a LFD (10%
fat) or HFD (60% fat) for 16 weeks (n = 6 per group). A, body weight and hepatic levels of triglycerides (TG). B, serum levels of FGF21. Data in A and B are shown
as the mean =+ S.E. **, p < 0.01 by unpaired two-tailed t test. C, immunoblot analyses of the UPR markers, including phosphorylation of IRE1« (p-IRETe) and
elF2a (p-elF2a), and FGF21 protein abundance in whole liver lysates. Tubulin was used as the loading control, and representative results are shown for three
individual mice per group. Ratios of p-IRE1a/IRE1«, p-elF2a/elF2«, and FGF21 protein levels were quantified by densitometry from the immunoblots. Relative
FGF21 levels were normalized to tubulin. D, immunoblot analyses of the abundance of XBP1s, ATF4, and ATF6 proteins in liver nuclear extracts. Lamin A/C was
used as the loading control. Relative levels of XBP1s, ATF4 and ATF6 are shown from densitometric quantification of the immunoblots after normalization to
lamin A/C.E, assessment by quantitative real time RT-PCR of hepatic Xbp T mRNA splicing, shown as the ratio of the spliced (s) to total (t) Xbp7 mRNA, along with
the mRNA abundance of Atf4, Chop, Fgf21, and Fgf1. Data in C-E are presented as the mean = S.E. (n = 6/group) relative to the LFD-fed control mice. *, p < 0.05;

** p<0.01by ttest.

(37), including tissues from patients with NAFLD. Diagnosis of
NAFLD was according to the guidelines proposed by the Asia-
Pacific Working Party (45). Tissues were immediately snap-
frozen in liquid nitrogen and stored at —80 °C. All samples had
been examined by a pathologist, who was blinded to the study.
Hepatic steatosis was classified as grade 0 (1-5%), grade 1
(6-33%), grade 2 (34-66%), and grade 3 (67-100%) (46). Tis-
sue samples used for protein and total RNA preparation were
from five patients with severe NAFLD (i.e. hepatic steatosis
scored as grade 2 or 3) and five controls (i.e. hepatic steatosis
grade 0), and none of which was pathologically diagnosed as
having nonalcoholic steatohepatitis or cirrhosis. The study
procedures were approved by the local ethics committee,
following the principles of the Declaration of Helsinki. Writ-
ten voluntary consent was obtained from all subjects before
their participation.

Cell Culture and Treatment—Human hepatoma cell line
HepG2 was grown in DMEM supplemented with 10% fetal
bovine serum, 2 mm glutamine, and antibiotics (100 units/ml

SASBMB

OCTOBER 24, 2014 +VOLUME 289-NUMBER 43

penicillin and 100 pg/ml streptomycin) (Invitrogen). For ER
stress experiments, cells were incubated in DMEM containing
DMSO, 1 uMm thapsigargin (Sigma), or 10 ug/ml tunicamycin
(Sigma).

Recombinant Adenoviruses—Recombinant adenoviruses for
the overexpression of EGFP (control), the wild-type, or the
mutant forms of IRE1« were generated as described previously
(47). Adenoviruses for XBP1s overexpression and knockdown
were the generous gifts from Dr. Ling Qi (Cornell University).
The knockdown control adenovirus Ad-sh-LacZ was generated
as described with the BLOCK-iT adenoviral RNAi expression
system (Invitrogen) in HEK293A cells according to the man-
ufacturer’s instructions (48). For infection of mouse primary
hepatocytes, viruses were used at a multiplicity of infection
of 40, which was measured according to the manufacturer’s
instructions.

Primary Hepatocytes and Adenoviral Infection—Primary
hepatocytes were isolated from male mice at 8 —-12 weeks of age
according to the procedure previously described in detail (48).
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FIGURE 2. Hepatic UPR activation and FGF21 expression in human NAFLD patients. Human liver tissue samples were prepared from subjects without or
with NAFLD (n = 5/group). A, immunoblot analyses of the UPR markers p-IRE1« and p-elF2« and FGF21 protein abundance in whole liver lysates. Tubulin was
used as the loading control, and representative results are shown for three individual subjects per group. Ratios of p-IRE1a/IRE1a and p-elF2«/elF2« and
relative FGF21 levels were quantified. B,immunoblot analyses of the abundance of XBP1s, ATF4, and ATF6 proteins in liver nuclear extracts. Lamin A/C was used
as the loading control. Results represent three individuals per group. Relative levels of XBP1s, ATF4, and ATF6 were quantified after normalization to lamin A/C.
C, quantitative RT-PCR analyses of XBPT mRNA splicing and the mRNA abundance of the indicated genes. All the results are shown as the mean = S.E. (n =

5/group) relative to the control subjects. *, p < 0.05; **, p < 0.01 by t test.

Briefly, collagenase perfusion was performed through the portal
vein of mice after anesthetizing with 50 ml of perfusion buffer.
Livers were aseptically removed and cut in a sterile 10-cm cell
culture dish with 20 ml of ice-cold perfusion buffer without colla-
genase. After aspirating with a large-bore pipette, hepatocytes
were filtrated through a 70-um cell strainer (BD Falcon) into a
50-ml centrifuge tube before centrifugation at 50 X g for 2 min at
4.°C. Cells were washed with cold hepatocyte wash medium (Invit-
rogen) three times and resuspended in 15 ml of cold Hepa-
toZYME-SFM medium (Invitrogen) supplemented with 2 mm
L-glutamine, 20 units/ml penicillin, and 20 pg/ml streptomycin.
After trypan blue staining for determination of viability, cells were
plated at 6 X 10° cells/well in 6-well culture dishes or at 3 X 10°
cells/well in 12-well dishes pre-coated with collagen. Cells were
cultured for at least 8 h before further use. Hepatocytes were
infected with adenoviruses for 48 h in the overexpression experi-
ments or for 72 h in the knockdown experiments. Cells were sub-
sequently treated with the desired reagents prior to protein extrac-
tion for immunoblotting analysis or total RNA isolation for
quantitative real time RT-PCR analysis.

Chemicals, Antibodies, and Immunoblotting—ERK inhibitor
U0126 was purchased from Cayman. p-IREla antibody was
purchased from Novus Biologicals. Antibodies against IREla,
p-elF2q, elF2a, ERK, p-ERK, and lamin A/C were all from Cell
Signaling. XBP1s antibody was from BioLegend; a-tubulin anti-
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body was from Sigma; ATF4 antibody was from Santa Cruz
Biotechnology; ATF6 antibody was from Imgenex, and FGF21
antibody was from Abcam. For immunoblotting, total proteins
were extracted from cells or liver tissues by RIPA buffer (150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mmMm Tris-HCI, pH 7.4), and nuclear extracts were pre-
pared using NE-PER nuclear and cytoplasmic extraction kit
(Thermo Scientific). Proteins were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membrane filters
(Millipore). After incubation with the desired antibodies, the
blots were developed with SuperSignal West Pico Chemilumi-
nescent substrate (Pierce) or Immobilon Western Chemilumi-
nescent HRP substrate (Millipore).

Quantitative Real Time RT-PCR Analysis—Total RNAs were
isolated from cells or liver tissues by TRIzol reagent (Invitro-
gen), and cDNA was generated by Moloney murine leukemia
virus-reverse transcriptase with random hexamer primers
(Invitrogen). Real time quantitative PCR was conducted with an
ABI Prism 7500 sequence detection system, using the SYBR
Green PCR Master Mix (Applied Biosystems). B-Actin was
used as an internal control for normalization. The oligonucleo-
tide primers used for each target gene are listed as follows:
mouse ActB, sense 5'-AGTGTGACGTTGACATCCGTA-3'
and antisense 5'-GCCAGAGCAGTAATCTCCTTCT-3’; mouse
Xbp-1s,sense 5'-CTGAGTCCGAATCAGGTGCAG-3' and anti-
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FIGURE 3. ER stress results in increased expression of FGF21 in HepG2 cells. HepG2 cells were treated with tunicamycin (Tm, 10 ug/ml) or thapsigargin (Tg,
1 um) for the indicated time intervals. A, ER stress markers and FGF21 protein abundance were analyzed by immunoblotting from whole cell lysates or nuclear
extracts as indicated. Shown are representative results from three independent experiments. B and C, Xbp7 mRNA splicing (B) and the mRNA abundance of
ATF4, CHOP, FGF21, and FGF1 (C) were determined by quantitative RT-PCR. Results were normalized to the values before Tm/thapsigargin treatment and are
shown as the mean = S.E. (n = 3 independent experiments). ¥, p < 0.05; **, p < 0.01 by one-way ANOVA. D, secreted FGF21 levels were measured from the
culture medium, shown as the mean = S.E. (n = 3 independent experiments). **, p < 0.01 by one-way ANOVA.

sense 5'-GTCCATGGGAAGATGTTCTGG-3'; mouse Xbp-1t,
sense 5'-TGGCCGGGTCTGCTGAGTCCG-3' and antisense
5'-GTCCATGGGAAGATGTTCTGG-3'; mouse Chop, sense
5-CTGGAAGCCTGGTATGAGGAT-3' and antisense 5'-
CAGGGTCAAGAGTAGTGAAGGT-3'; mouse Fgf21, sense
5'-CTGCTGGGGGTCTACCAAG-3' and antisense 5'-CTG-
CGCCTACCACTGTTCC-3'; mouse Fgfl, sense 5'-GGGGA-
GATCACAACCTTCGC-3' and antisense 5'-GTCCCTTGT-
CCCATCCACG-3’; human ACTB, sense 5'-CATGTACGTT-
GCTATCCAGGC-3' and antisense 5'-CTCCTTAATGTCA-
CGCACGAT-3'; human XBP-1s, sense 5'-CTGAGTCCGAA-
TCAGGTGCAG-3' and antisense 5'-ATCCATGGGGAGAT-
GTTCTGG-3'; human Xbp-1t, sense 5'-GACGGGACCCCT-
AAAGTTCTG-3' and antisense 5'-CTTCTTTCGATCTCT-
GGCAGTC-3'; human CHOP, sense 5'-CAAGAGGTCCTG-
TCTTCAGATGA-3'" and antisense 5'-TCTGTTTCCGTTT-
CCTGGTTC-3’; human FGF21, sense 5'-AAGCCGGGAGT-
TATTCAAATCTT-3" and antisense 5'-GTGTGGGGACTT-
GTTCCCT-3'; human FGFI, sense 5'-ACACCGACGGGCT-
TTTATACG-3' and antisense 5'-CCCATTCTTCTTGAGG-
CCAAC-3'; mouse Atf4 and human ATF4, sense 5'-CCTTCG-
ACCAGTCGGGTTTG-3’ and antisense 5'-CTGTCCCGGA-
AAAGGCATCC-3'; mouse Ffgrl, sense 5'-CTGAAGGAGG-
GTCATCGAAT-3' and antisense 5'-GTCCAGGTCTTCCA-
CCAACT-3"; mouse Ffgr2, sense 5'-CACCACGGACAAAGA-
GATTG-3' and antisense 5'-TGTCAACCATGCAGAGTGAA-
3'; mouse Efgr3, sense 5'-AGATGCTGAAAGATGATGCG-3’
and antisense 5'-ATGATGTTCTTGTGCTTGCC-3'; mouse Ff-
gr4, sense 5'-CAGAGGCCTTTGGTATGGAT-3' and antisense
5'-AGGTCTGCCAAATCCTTGTC-3’; and mouse KIb, sense
5-CAGAGAAGGAGGAGGTGAGG-3' and antisense 5'-
CAGCACCTGCCTTAAGTTGA-3'.
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Luciferase Reporter Assays—The luciferase (Luc) reporter
plasmids for the mouse Fgf21 promoter spanning the region
from —1983 to +5 (WT) and its deletion mutant version
(ACCACG) were constructed in pGL3 (Promega) utilizing a
PCR-based cloning strategy. For luciferase activity assays, 293T
cells were co-transfected with the Fgf21 promoter-Luc and
B-galactosidase plasmids before treatment with thapsigargin (1
M) or tunicamycin (10 ug/ml) for 6 h or co-transfected with
the Luc reporter plasmid, pCMV-XBP1s and (-galactosidase
plasmids. Luciferase activity was measured using Dual-Lu-
ciferase™™ reporter assay system (Promega) following the man-
ufacturer’s instructions, and (-galactosidase activity was used
for normalization.

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
performed with the agarose ChIP kit (Pierce) according to the
manufacturer’s instructions. Cells or liver tissues were subjected to
cross-linking with 1% formaldehyde. Glycine solution was then
added, and nuclear extracts were prepared. Chromatin-XBP1s
complexes were immunoprecipitated with normal rabbit IgG or
anti-XBP1s antibodies by incubation at 4 °C overnight on a rock-
ing platform, followed by incubation with the beads from the ChIP
kit (Pierce) or protein G-Sepharose beads (GE Healthcare) at 4 °C
for 1 h with gentle rocking. After washing five times with the wash-
ing buffer, the complexes were eluted with the elution buffer from
the beads and were subjected to PCR analysis using the oligonu-
cleotide primers that correspond to the —280 to —24 region of the
mouse Fgf2]1 promoter as follows: sense 5-CTCAGAC-
CAAGGAGCACAGA-3' and antisense 5'-TGAACGCAGAAA-
TACCAGAAT-3'. Regular PCR was conducted with TaKaRa
Taq kits (Takara), and real time quantitative PCR was
performed with the SYBR Green PCR system (Applied
Biosystems).
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Statistical Analysis—Data are presented as the mean = S.E.
Statistical analysis was performed using unpaired two-tailed ¢
test and one-way or two-way analysis of variance (ANOVA)
followed by Bonferroni’s post test with GraphPad Prism 4.0.

p < 0.05 was considered statistically significant.

RESULTS

Hepatic FGF21 Expression Is Associated with ER Stress and
Hepatic Steatosis—To investigate whether hepatic FGF21
expression was linked to ER stress during the development of
hepatic steatosis, we employed a diet-induced mouse model of
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obesity. When fed a high fat diet (HFD) for 16 weeks, mice
displayed significant increases in body weight and liver content
of triglycerides (TG) relative to control mice fed a low fat diet
(LFD) (Fig. 1A). HFD-fed mice also had significantly elevated
serum levels of FGF21 (Fig. 1B). Immunoblotting analyses
showed that FGF21 protein levels were increased in livers of
HFD-fed obese mice, which were accompanied by increased
phosphorylation of IREla and elF2a (Fig. 1C), along with
increased nuclear accumulation of XBP1s, ATF4, and ATF6
proteins (Fig. 1D). Consistently, the splicing of Xbpl mRNA
and the mRNA abundance of Atf4 and Chop were significantly
increased in livers of HFD-fed mice, in parallel with up-regu-
lated mRNA expression of Fgf21 but not Fgfl (Fig. 1E). Simi-
larly, activation of all the three UPR branches was also detected
in livers of human NAFLD patients when compared with those
of control subjects without NAFLD (Fig. 2, A-C), and this was
accompanied by increased levels of FGF21 protein (Fig. 24) and
FGF21 mRNA (Fig. 2C). These results demonstrated the occur-
rence of metabolic ER stress during hepatic steatosis, which was
associated with the up-regulation of hepatic FGF21 expression
in both animals and humans.

Expression of FGF21 Is Induced upon Experimental ER
Stress—To determine whether FGF21 expression is directly
linked to ER stress, we first treated HepG2 cells for different
time intervals with tunicamycin and thapsigargin, the two
chemical ER stressors. Both tunicamycin and thapsigargin
caused activation of the UPR, including increases in IREl«a
phosphorylation and XBP1s protein abundance (Fig. 3A),
greater accumulation of nuclear ATF6 and ATF4 proteins (Fig.
3A), and elevations in the splicing of XBPI mRNA (Fig. 3B) and
the mRNA abundance of ATF4 and CHOP (Fig. 3C). Tunica-
mycin or thapsigargin also resulted in increased levels of FGF21
protein (Fig. 3A4), along with elevated mRNA abundance of
FGF21 but not FGFI (Fig. 3C). Consistently, higher secreted
FGF21 protein levels were detected from the culture medium of
HepG2 cells treated with tunicamycin or thapsigargin (Fig. 3D).
Next, we treated mice with tunicamycin for 24 h, which caused
marked increases in liver TG content (Fig. 44) and serum levels
of FGF21 (Fig. 4B). Tunicamycin activated the three UPR
branches in the liver (Fig. 4, C and D), while prominently
increasing the level of hepatic FGF21 protein (Fig. 4C) as well as
the Fgf2I mRNA abundance (Fig. 4E). Thus, hepatic FGF21
expression could be induced under experimental ER stress con-
ditions both in vitro and in vivo. Notably, tunicamycin treat-
ment resulted in considerable decreases in liver mRNA levels of
FGFR], -3, and -4 (Fig. 4F), the potential FGF21 receptors (49,
50), without influencing the expression of B-klotho, the co-fac-
tor required for FGF21 activity (51). These results indicate that
ER stress might attenuate FGF21 signaling through down-reg-
ulating its receptor expression. In addition, we also observed
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FIGURE 5. ER stress induces the expression of FGF21 in kidney, white adi-
pose tissue, and muscle. Mice were treated with PBS (vehicle) or Tm for 24 h.
Xbp1mRNA splicing and the mRNA abundance of Fgf27 and FgfT in kidney (A),
fat tissue (B), and muscle (C) were determined by quantitative RT-PCR. Data
were normalized to the values of the vehicle control group and are presented
as mean = S.E. (n = 5/group). ¥, p < 0.05; **, p < 0.01 by t test.

elevations in the mRNA abundance of Fgf2I in the kidney,
white adipose tissue, and muscle of tunicamycin-treated mice
(Fig. 5, A-C). This implies that FGF21 is also likely to exert
cytoprotective functions in other tissues such as the kidney, an
organ that can be very sensitive to ER stress.

IRE1a-XBPI Pathway Regulates the Transcriptional Expres-
sion of Fgf21—Given that FGF21 was reported as an ATF4-
regulated gene (42, 43), we tested whether FGF21 is a common
downstream target of multiple UPR pathways using liver-spe-
cific IRE1« knock-out (LKO) mice that we created (44). Inter-
estingly, when compared with flox/flox control mice, tunicamy-
cin-treated LKO mice had lower serum FGF21 levels (Fig. 6A).
In primary hepatocytes, hepatic IREla deficiency not only

FIGURE 4. ER stress causes liver steatosis with up-regulated expression of hepatic FGF21 in mice. Male C57BL/6 mice at 12 weeks of age were treated for
24 h through intraperitoneal injection with PBS (vehicle) or Tm (1 mg/kg body weight). A, liver triglycerides were determined. B, serum levels of FGF21 were
measured. Data are shown as the mean = S.E. (n = 5/group). *, p < 0.05; **, p < 0.01 by t test. C, immunoblot analyses of the UPR markers, including p-IRE1«
and p-elF2q, and FGF21 protein abundance in whole liver lysates. Representative results are shown for three individual mice per group. Ratios of p-IRE1a/IRETa
and p-elF2a/elF2a as well as FGF21 protein levels were quantified. D, immunoblot analyses of nuclear XBP1s, ATF4, and ATF6 protein levels. Representative
results are shown for three individual mice per group, and quantitation was done by normalization to lamin A/C. E, XbpT mRNA splicing and the mRNA
abundance of Atf4, Chop, Fgf21, and Fgf1 were analyzed by quantitative RT-PCR. F, analysis by quantitative RT-PCR of the mRNA abundance of the FGF21
receptors Kb, Fgfr1, Fgfr2, Fgfr3, and Fgfr4. Data in C-F were normalized to the values of the vehicle control group and are presented as mean = S.E. (n =
5/group). ¥, p < 0.05; **, p < 0.01 by t test.
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FIGURE 6. IRE1« is responsible for ER stress-induced expression of FGF21 in hepatocytes. A, male flox/flox or IRE1a null LKO mice were treated with
tunicamycin (1 mg/kg body weight) for 8 h. Serum levels of FGF21 were measured and are shown as the mean = S.E. (n = 3/group). B and C, primary
hepatocytes from male flox/flox or LKO mice were treated for 6 h with dimethyl sulfoxide (DMSO), thapsigargin (Tg, 1 um), or Tm (10 wg/ml). B, immunoblot
analysis of IRETa protein expression and quantitative RT-PCR analysis of Xbp T mRNA splicing. C, analyses of the mRNA abundance of Atf4, Fgf21, and Fgf1. Data
were normalized to values of DMSO-treated flox/flox hepatocytes and are shown as the mean = S.E. (n = 3 independent experiments). **, p < 0.01 by two-way
ANOVA. D and E, primary hepatocytes from male C57BL/6 mice were infected for 2 days with adenoviruses expressing EGFP or the wild-type (WT) or kinase-
dead K599A mutant human IRE1« protein. D, immunoblot analysis of IRE1a and quantitative RT-PCR analysis of XbpT mRNA splicing. E, analyses of the mRNA
abundance of the indicated genes. Data were normalized to values from Ad-EGFP control cells and are shown as the mean = S.E. (n = 3 independent

experiments). ¥, p < 0.05; **, p < 0.01 by one-way ANOVA.

completely abolished tunicamycin- or thapsigargin-induced
Xbpl mRNA splicing (Fig. 6B), it also markedly diminished ER
stress induction of Fgf21 without affecting the expression of
Atf4 or Fgfl (Fig. 6C). Conversely, adenovirus-mediated over-
expression in hepatocytes of the wild-type (WT) but not the
kinase-dead K599A mutant IREla could significantly increase
the splicing of the XbpI mRNA (Fig. 6D) and the mRNA abun-
dance of Fgf21 (Fig. 6E). Next, to determine whether IREl«
regulation of Fgf21 expression is indeed mediated by XBP1s, we
employed adenovirus-expressed shRNA to knock down the
expression of XBP1 in primary hepatocytes (Fig. 7A). This
resulted in significant reductions in ER stress-induced expres-
sion of Fgf21 but not Atf4 or Fgfl (Fig. 7B). Conversely, adeno-
viral overexpression of XBP1s (Fig. 7C) greatly increased the
expression of Fgf21 but did not affect the expression of A¢f4 or
Fgf1 (Fig. 7D). These data demonstrate that the IRE1a-XBP1
branch of the UPR plays a crucial role in regulation of FGF21
expression in response to ER stress.

We then examined whether Fgf21 is a direct transcriptional
target of XBP1s. Luciferase reporter assays showed that the
mouse Fgf21 promoter could be activated under experimental
ER stress conditions (Fig. 84). Moreover, a putative ER stress-
response element (ERSE), CCATT ... N(n)... CCACG, was
identified, a potential XBP1s-binding core site (52) that is also
conserved in the promoter of human and rat Fgf21 genes (Fig.
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8B). Importantly, XBP1s co-expression stimulated the mouse
Fgf2]1 promoter activity, and deletion of CCACG from this
ERSE abolished the ability of XBP1s to stimulate it (Fig. 8C).
Chromatin immunoprecipitation (ChIP) assays showed that
XBP1s physically bound to the ERSE-containing region of the
Fgf21 promoter (Fig. 8D), and the CCACG core sequence was
required for its binding (Fig. 8E). Next, we determined through
ChIP assays whether endogenous XBP1s could bind to the
Fgf21 promoter in an ER stress-responsive manner in vivo.
Indeed, tunicamycin treatment significantly increased XBP1s
occupancy of the Fgf21 promoter in the livers of mice (Fig. 8F).
These results reveal that the IRE1a-XBP1 pathway drives the
transcriptional expression of Fgf21 during ER stress. Therefore,
Fgf21 serves as a downstream target gene of the UPR, which is
regulated dually by ATF4 and XBP1s.

FGF21-ERK Signaling Suppresses the elF2a-ATF4-CHOP
Pathway of ER Stress—The observed UPR-responsive expres-
sion of FGF21 suggests that FGF21 may act as a UPR effector to
exert feedback effects on ER stress-associated metabolic
changes. To test this idea, we first examined the effect of recom-
binant mouse FGF21 protein upon tunicamycin-induced ER
stress signaling in mouse primary hepatocytes. Notably, FGF21
treatment did not cause significant changes in tunicamycin-
induced phosphorylation of IRE1« (Fig. 9A) or splicing of Xbp1
mRNA (Fig. 9B), but it significantly decreased the phosphory-
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FIGURE 7.XBP1s mediates ER stress-induced expression of FGF21 in hepatocytes. A and B, primary hepatocytes from male C57BL/6 mice were infected for
3 days with adenoviruses expressing a short hairpin (sh) RNA directed against LacZ (Ad-shLacZ) or XBP1 (Ad-shXBP1) before treatment for 6 h with DMSO,
thapsigargin (Tg), or Tm. A, immunoblot analysis of XBP1s protein from nuclear extracts. B, analyses by quantitative RT-PCR of the mRNA abundance of the
indicated genes. Results were normalized to values from DMSO-treated cells infected with Ad-shLacZ and are shown as the mean = S.E. (n = 3 independent
experiments). ¥, p < 0.05 by two-way ANOVA. C and D, primary hepatocytes were infected for 2 days with adenoviruses expressing EGFP or XPB1s protein. C,
immunoblot analysis of XBP1s protein from cell lysates. D, quantitative RT-PCR analyses of the mRNA abundance of the indicated genes. Data were normalized
to values from Ad-EGFP control cells and are shown as the mean = S.E. (n = 3 independent experiments). **, p < 0.01 by t test.

lation of elF2« (Fig. 94) and the mRNA abundance of A#f4 and
Chop (Fig. 9B), leading to a reduced protein level of CHOP (Fig.
9C). To determine the possible mechanism that mediates
FGF21’s actions, we examined whether FGF21-induced MAPK
phosphorylation (29, 33) is involved. During tunicamycin-in-
duced ER stress in hepatocytes, FGF21 treatment increased
ERK phosphorylation (Fig. 10A4), which was markedly inhibited
by U0126, a chemical ERK inhibitor. Importantly, suppression
of ERK activation significantly blunted the attenuating effects
of FGF21 upon tunicamycin-induced elF2a phosphorylation
and CHOP expression (Fig. 10, A-C). These data indicate that
FGF21-directed ERK activation likely mediates its actions in
counteracting ER stress, leading to suppression of the elF2a-
ATF4-CHOP pathway.

FGF21 Alleviates ER Stress-induced Hepatic Steatosis—We
then analyzed the metabolic effects of FGF21 in tunicamy-
cin-treated mice. Tunicamycin caused a marked increase in
hepatic TG content but a prominent decrease in serum TG
levels (Fig. 11A), which likely resulted from suppression of
hepatic TG secretion and/or enhanced liver TG biosynthe-
sis/uptake. Interestingly, although causing considerable
reductions in both hepatic and serum TG levels in the
absence of tunicamycin treatment, FGF21 administration in
tunicamycin-treated mice resulted in a significant decrease
in hepatic TG overload (Fig. 114, left panel), but it did not
affect the reduction of serum TG levels (Fig. 114, right
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panel). This indicates that FGF21 had little effect upon tuni-
camycin-elicited changes in hepatic TG secretion or uptake.
Similar to the observations in hepatocytes, FGF21 showed
insignificant effect upon the phosphorylation of IREl1« (Fig.
11B) or splicing of Xbpl mRNA (Fig. 11C) in the livers of
tunicamycin-treated mice, but it substantially blocked the
phosphorylation of elF2a (Fig. 11B) and significantly
blunted the elevations in the mRNA abundance of A¢f4 and
Chop (Fig. 11C). ER stress has been shown to enhance de
novo lipid biosynthesis via activation of SREBP1 proteins (22,
23, 53), and we observed that FGF21 administration resulted
in appreciable decreases in matured SREBP1 protein levels
in livers of tunicamycin-treated mice (Fig. 11D). Given that
CHOP is viewed as a transcriptional repressor that is impli-
cated in the disruption of metabolic networks (22), these
results suggest that FGF21 may suppress the elF2a-ATF4-
CHOP pathway, thereby counteracting ER stress to amelio-
rate hepatic steatosis through reducing lipogenesis while
promoting lipid oxidation.

DISCUSSION

Many studies have established the importance of FGF21
that functions as a hormone to regulate carbohydrate and
lipid metabolism (24). Despite its remarkable pharmacolog-
ical beneficial effects in improving metabolic parameters
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** p < 0.01 by two-way ANOVA.

such as body weight, insulin sensitivity, and hyperlipidemia,
increased circulating levels of FGF21 have been shown to be
associated with human obesity, type 2 diabetes, and NAFLD
(34—40). It remains largely elusive how changes in FGF21
expression are linked to the pathogenic development of meta-
bolic disorders. In this study, we found in both mice and human
subjects that hepatic FGF21 expression is coupled to cellular ER
stress response in the face of NAFLD. Furthermore, our results
suggest that FGF21 can be dually regulated by the IRE1a-XBP1

29760 JOURNAL OF BIOLOGICAL CHEMISTRY

and elF2a-ATF4 pathways (Fig. 11E) and can serve as a direct
downstream target of the UPR program; FGF21 can in turn
counteract ER stress to alleviate hepatic steatosis.

ER stress is thought to underlie metabolic dysfunctions
(13-15), and the three UPR pathways have been implicated
in various metabolic processes (3, 12). As a hepatokine,
FGF21 expression is responsive to nutritional states (24),
and animal model studies have shown that hepatic FGF21 is
transcriptionally controlled by the nuclear receptor PPAR«
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FIGURE 9. Recombinant FGF21 protein suppresses the elF2a-ATF4-CHOP pathway during ER stress in hepatocytes. Primary hepatocytes were isolated
from male C57BL/6 mice and treated with DMSO (vehicle), recombinant mouse FGF21 (1 wg/ml), Tm (10 wg/ml), or tunicamycin after pretreatment with FGF21.
A, immunoblotting of p-IRE1q, p-elF2«, IRE1e, and elF2a. Tubulin was used as the loading control. Ratios of p-IRE1a/IRETa and p-elF2a/elF2a were quantified
(n = 3 independent experiments). B, quantitative RT-PCR analyses of Xbp7 mRNA splicing and the mRNA abundance of Atf4 and Chop (n = 3 independent
experiments). C, immunoblotting of CHOP protein in nuclear extracts. Lamin A/C was used as the loading control. CHOP protein levels were quantified and
normalized to lamin A/C (n = 3 independent experiments). Data were normalized to the values of the vehicle control group and are presented as mean =+ S.E.

** p < 0.01 by two-way ANOVA.

during prolonged starvation (25, 26). We previously showed
that the IRE1«a pathway is activated in the liver during fasting
or starvation (44, 47). Hepatic IRE1« can sense nutrient dep-
rivation and regulate the adaptive shift of fuel utilization
through XBP1s-directed regulation of PPARa. In this sce-
nario, metabolic activation of the IRE1a-XBP1 pathway pro-
motes the expression of Fgf21 as a PPAR« target gene, indi-
cating a physiological role for the IRE1a-XBP1 branch in the
starvation response. Our findings herein suggest that XBP1s
may also directly up-regulate Fgf21 in a PPARa-independent
manner during prolonged fasting. Although XBP1 has been
implicated in the regulation of lipogenesis (54), XBP1s-me-
diated up-regulation of Fgf21 likely represents a feedback
mechanism to control liver TG content through lipid oxida-
tion. Under ER stress conditions, the transcriptional expres-
sion of Fgf21 is not only up-regulated by XBP1s but also by
ATF4 (42, 43), and this dual induction indicates that FGF21
is a bona fide effector of the UPR program. The fact that
FGF21 expression is controlled by at least two of the three
UPR signaling arms not only supports an important role for
FGF21 in the feedback control of ER stress responses, it also
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reflect the coordinated feature of multiple UPR arms in
exerting their metabolic actions.

Our results from tunicamycin-treated mice showed that
administration of recombinant FGF21 could ameliorate
hepatic TG overload that was caused by typical ER stress. Inter-
estingly, this was associated with suppression by FGF21 of both
the elF2a-ATF4-CHOP pathway of ER stress and ER stress-
activated SREBP1 protein maturation. CHOP has been shown
to suppress metabolic genes through disrupting the function of
C/EBPe, consequently leading to perturbations of fatty acid
oxidation, lipoprotein secretion, and other metabolic processes
(22). Thus, FGF21-induced suppression of CHOP expression
may constitute a possibly major mechanism that mediates its
alleviating effect upon liver steatosis during ER stress. Although
it remains to be more clearly delineated how FGF21 signaling is
mechanistically linked to maintaining ER homeostasis or sup-
pressing the PERK-elF2a-CHOP pathway, our results indicate
that FGF21-induced ERK activation contributes to mediating
the feedback effect of FGF21 upon ER stress. Moreover, it is
worth further dissecting whether FGF21 can exert similar
effects upon liver steatosis through mitigating obesity-related
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FIGURE 10. Inhibition of ERK activation blunts the suppressive effect of FGF21 on the elF2«a-ATF4-CHOP pathway. Primary hepatocytes were treated
with DMSO (vehicle), recombinant mouse FGF21 (1 wg/ml), Tm (10 wg/ml), or tunicamycin after pretreatment with FGF21 in the absence or presence of ERK
inhibitor U0126 as indicated. A, immunoblotting of p-ERK, ERK, p-IRE1¢, IRE1«, p-elF2¢, elF2«, and CHOP. Tubulin was used as the loading control. B, ratios of
p-elF2a/elF2a and CHOP protein levels were quantified (n = 3 independent experiments). C, quantitative RT-PCR analyses of XbpT mRNA splicing and the
mRNA abundance of Atf4 and Chop (n = 3 independent experiments). Data were normalized to the values of vehicle control group and are shown as the

mean * S.E.*, p < 0.05; **, p < 0.01 by two-way ANOVA.

metabolic ER stress. In addition to modulating lipid metabo-
lism in the liver, the suppressive effect of the FGF21-ERK path-
way upon the expression of CHOP implies that FGF21 may also
influence ER stress-induced apoptosis, like another FGF family
member FGF2 (55). Indeed, we also noticed an alleviating effect
of FGF21 upon tunicamycin-induced apoptosis in cultured
cells (data not shown), indicating a broader range of functions
of FGF21 under ER stress-associated conditions.

In summary, our findings reveal that FGF21 is functionally
linked to ER stress in the state of hepatic steatosis. The
expression of FGF21 is controlled by dual branches of the
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UPR, i.e. ATF4 and XBP1s. This suggests that FGF21 can act
as an integral component of the cellular UPR program in the
management of ER stress. It is worth noting that FGF21 was
recently shown to exert its metabolic actions in adipose tis-
sues in an autocrine fashion (56 -58) and could even func-
tion as a myokine (43). Given that increased ER stress is
found to occur in the liver as well as in the adipose tissues
and muscles, it remains to be elucidated whether FGF21 can
act as a UPR effector to affect the functions of other meta-
bolic tissues besides the liver. In addition, it is also tempting
to speculate that FGF21, as a component of the UPR pro-
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FIGURE 11. Administration of FGF21 reduces ER stress-induced hepatic steatosis in mice. Male C57BL/6 mice at 12 weeks of age were injected intraperi-
toneally with PBS (vehicle) or recombinant mouse FGF21 (1 mg/kg body weight) together with DMSO (vehicle) or Tm (1 mg/kg body weight) (n = 5/group).
Mice were sacrificed at 24 h after treatment. A, liver TG contents and serum TG levels. B,immunoblot analysis of p-IRE1«, p-elF2¢, IRETe, and elF2«in whole liver
lysates. GAPDH was used as the loading control. Representative results are shown for two individual mice per group. Ratios of p-IRE1«/IRETaand p-elF2a/elF2a
were quantified and are presented as the mean = S.E. (n = 5/group). , quantitative RT-PCR analyses of XbpT mRNA splicing and the mRNA abundance of Atf4
and Chop. Data are shown as the mean = S.E. (n = 5/group). D, immunoblot analysis of matured SREBP1 protein (SREBP1-m) in whole liver lysates. Tubulin was
used as the loading control. SREBP1-m levels were quantified and normalized to tubulin (n = 5/group). Data in B-D were normalized to the values of the vehicle
control mice. *, p < 0.05; **, p < 0.01 by two-way ANOVA. E, schematic model. Dually controlled by XBP1s and ATF4, FGF21 acts in turn to suppress the
elF2a-ATF4-CHOP pathway and alleviate ER stress-induced hepatic steatosis.
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gram, may exert beneficial actions in other ER stress-associ-
ated pathologies.
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